Excised green leaves of mung bean (Phaseolus aureus L. var. Mungo) were used to determine the effect of light on the rate of endogenous respiration via the tricarboxylic acid cycle. ILlumination with white light at an intensity of 0.043 gram calories cm'minn (approximately 8600 lux) of visible radiation (400-700 nm) gave a rate of apparent photosynthesis, measured as net C02 uptake, of 21 mg CO2 dm-2hr-' which was about 11-fold greater than the rate of dark respiration. The feeding of '4CO2 or 14C-labeled acids of the tricarboxylic acid cycle in the dark for 2 hours was established as a suitable method for labeling mitochondrial pools of cycle intermediates.
nous respiration was largely prevented. In the presence of this inhibitor endogenous respiration, measured as "CO2 evolution, continued in the light at a rate comparable to that in the dark. Consequently, under these conditions light-induced nonphotosynthetic processes have no significant effect on endogenous dark respiration. Inhibitors of the tricarboxylic acid cycle, malonate and fluoroacetate, were used to determine the relative rates of carbon flux through the cycle in the dark and in the light by measuring the rate of accumulation of 4(C in either succinate or citrate. Results were interpreted to indicate that the tricarboxylic acid cycle functions in the light at a rate similar to that in the dark except for a brief initial inhibition on transition from dark to light. Evidence was obtained that succinate dehydrogenase as well as aconitase, was inhibited in the presence of fluoroacetate.
Controversy has surrounded the question of the effect of light on endogenous aerobic respiration via glycolysis and the tricarboxylic acid cycle in algae and green leaves of higher plants. Reports have included stimulation, inhibition, or no effect of light on respiration. For example, physiological studies, using the mass spectrometer to measure respiratory and photosynthetic gas exchange simultaneously, showed that relatively low light intensities had little or no effect on rate of respiratory oxygen uptake in barley leaves or in suspensions of the alga Chiorella (8) . With the green alga Ankistrodesmus braunii (9) or the algal flagellate Ochromonas malhamensis (52) it was found that respiratory CO2 evolution was almost independent of light intensity, and that respiratory oxygen consumption was not affected by low light although it was enhanced at high light intensities. Hoch et al. (24) concluded from their results obtained with the mass spectrometer that low light intensities inhibited endogenous respiration in Anacystis, a blue-green alga, but not in Scenedesmus, a green alga, whereas higher light intensities promoted oxygen uptake in both organisms. The total oxygen consumption or CO2 evolution cannot be separated, however, into dark endogenous respiratory and light-induced photorespiratory components, and the metabolic system(s) responsible for each can only be inferred from physiological experiments (26, 33) . In view of the complex interactions of photosynthesis, photorespiration, and endogenous respiration, an accurate assessment of endogenous respiration in the light is difficult to attain on the basis of physiological measurements of gas exchange.
Early biochemical studies indicated that photosynthetically incorporated "CO2 (4, 7) did not readily enter the tricarboxylic acid cycle intermediates in the light, nor was pyruvate oxidation readily achieved in the light (18, 36) . The interconversion of exogenously fed "C-labeled intermediates of the tricarboxylic acid cycle was shown to occur both in the light and in the dark in leaves of mung bean, and it was suggested that the observed reversal by light of the ratio of "C in malateaspartate in the dark was the result of differences in the ratio of NAD/NADH between light and dark (20) . This postulate was confirmed and correlated with changes of "C in intermediates of the tricarboxylic acid cycle during dark-light transition (19) . It has been clearly demonstrated that light induces changes in the ratio of ATP/ADP (43) and in the ratio of oxidized-reduced nicotinamide adenine dinucleotides (19, 22, 23, 37) .
In Chlorella, a light-induced blockage of glycolysis at the triose phosphate dehydrogenase step was proposed (27) which is probably due to the changes in the ratio ATP/ADP (23, 43) . It is clear from these various studies that light has marked effects upon the relative levels of cofactors of respiratory metabolism and the pool sizes of respiratory intermediates.
In a different approach from those described above, the determination of the rates of equilibration of "C in the carboxyl carbons of tricarboxylic acid cycle intermediates in Scenedesmus (35) showed that there were no significant differences between those in the dark and in light saturating for photosynthesis. The results were interpreted as showing no difference in rate of the tricarboxylic acid cycle in the two conditions.
Many of the reported variations in the response of respiration to light are doubtless due to the wide variation in experimental regimes, some of which included conditions suboptimal for photosynthesis. In the experiments to be described here, excised leaves of a higher plant have been used under relatively high light intensities such that photosynthesis is operating at a rate some 10-to 12-fold greater than dark respiration.
In this paper the suitability of the experimental material and experimental design, in particular the use of inhibitors, has been examined. An assessment of the relative fluxes of carbon in the tricarboxylic acid cycle in dark or light has been made using inhibitors of photosynthesis (DCMU) and of the tricarboxylic acid cycle (malonate and fluoroacetate). The results indicate that, apart from an inhibition during the first few minutes of illumination, the tricarboxylic acid cycle operates in the light at a rate comparable to that in the dark.
MATERIALS AND METHODS
Growth of Plants. Mung beans (Phlaseolus aureus L. var.
Mungo, Yates Seeds, Sydney, Australia) were grown from seed for 7 days as described by Graham and Cooper (19) .
Experimental Procedures. On the 8th day after planting, seedlings were placed in the dark for 2 hr and then the1st pair of leaves was harvested under a green safelight (54) by excision at the petiole.
Leaves were fed radioactive isotope in the dark in the following manner.
1. 'CO.. Twenty leaves (total fresh weight 500 + 10 mg)
were placed on moist filter paper in a 250-ml Petri dish in which "CO2 was liberated by injecting Na2,4CO3 into lactic acid. The initial concentrationof "'CO2 was about 0.2% (v/v).
2. "C-labeled tricarboxylic acid cycle acids. Leaves were placed in feeding trays as described previously (20) and 0.4 ml of radioactive isotope solution was fed to five leaves through the transpiration stream. At the end of 2 hr in the dark and before subsequent illumination, the leaves were removed from the "4C source and placed in water in an air draught for 15 min.
Illumination. Leaf samples were illuminated by a 250 w tungsten-filament reflector spotlight placed at a distance of 35 cm. The samples were maintained at room temperature (20-25 C) by using a water-cooled heat filter (53) . Light intensity was measured with a Kipp actinometer and was as follows. the feeding tray was covered with a gas-tight Perspex lid to give a vessel of 200-ml volume, and was connected to a supply of compressed air flowing at the rate of 400 ± 5 ml min-1.
The sample size was 10 leaves. 12CO, evolved was measured using a Beckman infrared gas analyzer (Model 315). "CO2 was trapped in vials, each containing 5.5 ml of methanolethanolamine (4:1, v/v) (1), linked in series. At the end of the collection period, 10 ml of toluene scintillator were added to each of these vials.
Extraction of Intermediary Metabolites. After light or dark treatment, intermediary metabolites were extracted from leaves by boiling in 80% aqueous ethanol (v/v) for 3 min followed by two extractions with boiling 20% aqueous ethanol (v/v) (5) . The ethanolic extract was dried under reduced pressure at 30 to 35 C, resuspended in 1 ml of 50% ethanol, and washed with 4 ml of chloroform which was separated to give aqueous ethanol-soluble and chloroform-soluble fractions, respectively. In the dark about 40% of the stomates were closed whereas after illumination for 30 min under the usual experimental conditions only 5% remained closed.
When CO,-exchange was measured with an infrared gas analyzer, the usual value for dark respiration was about 1.9 mg dm-hr-' while after 30 min illumination the value for photosynthesis was approximately 11-fold greater (21 mg dm-2hr-').
Uptake and Redistribution of Radioisotopes. The time required for gross uptake by leaves of a radioactive substrate was determined by sampling the external solution during the feeding period in the dark. By measuring "CO2 evolved from the leaves under similar conditions, the time course of metabolism of a substrate was determined. "CO2 evolution reached a maximum rate between 80 and 100 min and thereafter declined very slowly, while uptake of "C-labeled solution was essentially completed by 120 min. Therefore, in order to achieve maximal uptake of "C and distribution to active metabolic pools, a standard time of 2 hr was used for the feeding of labeled substrates. Uptake of "C-substrates varied with each leaf sample and accordingly, to enable comparisons to be made, data are generally expressed in this and the subsequent papers (12, 13) as percentages of the "C in the total ethanol-soluble fraction.
The percentages of the fed substrates which were recovered from the leaf samples unchanged (but including also "C metabolized into the corresponding metabolic pool(s)) varied from 4.4% to 20.7% of that taken up. Because no marked utilization of this portion of the substrate occurred during the experimental period, it is concluded that such substrate was not readily available to the active metabolic pools. Further, the total amount of any of the "C-substrates fed during the 2-hr dark period was approximately equal to the total pool size in the leaf sample (34) . Because most of the fed substrate was metabolized during the dark period, it is considered unlikely that the pattern of metabolism of the excised leaves subsequently was greatly disturbed from normal by the feeding of the substrates in the manner indicated. Table I shows the gross distribution of "C among three major fractions, ethanol-solubles, chloroform-solubles, and insolubles (for definition of these fractions see "Materials and Methods"). Illumination resulted in relatively minor changes in percentage distribution among the fractions except after "C-succinate feeding, when a large increase of "C in the insoluble fraction occurred.
Effect of DCMU. To determine whether or not respiratory "CO. production is influenced by photosynthesis or by some other light-induced process, photosynthetic electron transport was inhibited by DCMU. The effectiveness of various concentrations of DCMU on "CO2 fixation in the light was determined. At 0.1 mM DCMU, photosynthesis (CO2 fixation) was inhibited 82% relative to the illuminated control. This concentration of DCMU is high but the ability of the leaves to continue respiring at the same rate in the dark for at least 6 hr indicated that the inhibitor was not deleteriously affecting the respiratory metabolism of the leaves.
The effects of 0.1 mm DCMU on "CO2 evolution in the dark and in the light when "CO2 or citrate-1 ,5-"C were fed to leaves in the dark are shown in Figure 1 , a and b, respectively. In leaves previously fed "CO2 in the dark, there is no effect of the inhibitor on evolution of "CO2 in the dark nor on the initial decrease in '"CO2 evolution in the first minutes of illumination. However, after about 5-min illumination, the rate of "CO2 evolution returns to a level similar to that in the previous dark period. Return to darkness after 30-min illumination gave an almost negligible "CO,-burst compared with the control.
These results are consistent with the inhibition of photosynthesis by DCMU and with the partial cessation of the CO2-evolving mechanism (tricarboxylic acid cycle) in the first minutes of illumination. Subsequently in the light, it is suggested that the rate of respiratory production of "CO2, mainly via the tricarboxylic acid cycle, is similar to that in the dark. Presumably in the light, even when photosynthesis is largely inhibited, a regulatory mechanism still operates to maintain a constant internal "CO2 level.
When citrate-1,5-"C was fed in the dark, the effect of DCMU on "CO. evolution in the light again supports the conclusion that the rate of endogenous respiration is similar to that in the dark. The initial rapid decrease in "CO, evolu- tion in the first minutes of illumination is, however, not evident, although the average evolution over the first 5-min period is slightly less than that in the dark or in the subsequent period in the light.
Continued evolution of "CO. in the light, in the presence of DCMU at rates comparable with those in the dark, indicates that light-induced nonphotosynthetic processes, for example blue light effects (14, 29) , have no significant effect on endogenous respiratory processes under the conditions of these experiments.
Determination of Carbon Fluxes in the Tricarboxylic Acid Cycle in the Presence of Inhibitors. In order that the complex data resulting from light-induced changes in intermediary metabolites may be interpreted in terms of control points, recourse will be made in the following paper (12) to the use of the Chance crossover theorem (11 (13) .
Fluoroacetate is a competitive inhibitor of mitochondrial aconitase. In plants however, it is not as potent an inhibitor as it is in animals. There are at least three possible reasons for this: (a) insensitivity of plant aconitase to fluorocitrate (31, 32, 45, 49, 50) ; (b) inability of either the thiokinase or citrate synthase to accept the fluoroderivative (16) ; and (c) defluorination of fluoroacetate (39, 40, 49, 50) . Plants, however, are capable of forming fluorocitrate, (32, 49, 50, 55) and citrate does accumulate though to a lesser extent than in animal tissues (16, 49 , and this paper). The concentrations of fluoroacetate necessary to demonstrate aconitase inhibition will vary considerably depending upon the detoxification mechanism in operation. Although fluorocitrate is thought to be specific for mitochondrial aconitase, inhibition of succinate dehydrogenase has been reported (10, 17) and we also found evidence for this (Table II and Fig. 3b ). Vickery and Vickery (47) have suggested that fluoroacetate biosynthesis in Dichapetalum is interpreted as a decline in carbon flux through the cycle.
Subsequently in the light, accumulation of "C-succinate resumed at a rate which was as high or higher than that observed in the dark. This initial decline in carbon flow through the tricarboxylic ,S0
acid cycle, although apparently small, was obtained consist-0/ ently. It was obtained for "CO, evolution in the presence of / DCMU in two separate duplicated experiments with "CO2 as /y -O substrate (Fig. 1 a) , and one duplicated experiment with "Ccitrate as substrate (Fig. ib) . The decline in the percentage of < / 4"C in succinate was obtained in three separate experiments with malonate as inhibitor (Fig. 2) , and in two experiments out of three when fluoroacetate was the inhibitor (Table II and Fig. 3 ).
Changes in the percentage of "C in citrate in the light (Fig. 2) or fluoroacetate ( Fig. 3) as an initial decline in flow of carbon through the tricarboxylic acid cycle, followed by a return to a rate which is about the same or somewhat greater than that occurring in the dark.
In the light, malonate and fluoroacetate markedly inhibited the increase in labeled malate and the decrease in labeled aspartate compared with a control (Table II) The relative rates of the tricarboxylic acid cycle during dark-light transition and during the illumination period have been established. The results indicate that for about the first 5 min of illumination there is a decrease in carbon flow through the tricarboxylic acid cycle but that during most of a 30 min period of illumination the rate of carbon flow in the tricarboxylic acid cycle is at least as high as that in the dark (abotut 1.9 mg CO2 dm-hr-') or somewhat higher. This information will be applied in the following paper to the determination of the control points in the tricarboxylic acid cycle under the conditions of these experiments.
